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ABS TRACT 

I'he object of this thesis is to show the effect of a stiffener on 
the stress distribution in a flat plate, clamped at each end and 
centrally loaded with a single concentrated load. Models of three aspect 
ratios were constructed of Plexiglas and these models were loaded in a 
specially constructed load frame to produce the isoclinic pattern. The 
effect of the stiffener was found by comparing the pattern of the 
stiffened plate with that of the unstiffened plate. 

The results of the study are generally inclusive, due to distortion 
in the optical system of the polariscope. However, there are trends 
indicated in the position of the isotropic points and in the slope of the 
isoclinics at the boundary, as well as the rate of change of direction of 
the principal stresses at the boundary that justify further study in 
the problem. 

Thesis Supervisor: J. Harvey Evans 

Title: Associate Professor of Naval Architecture 
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INTRODUCTION 

This thesis is an attempt to show, through photoel&stic phenomenon, vhe 
effect of etiffenors on the stress distribution in a flat plats under a single 
concentrated load. The complete stress distribution may be determined photo- 
elastically from the Iso clinics and the iso chromatics . In a qualitative 
sense, the effect of a stiffener may be seen by study of the isoclinics alone 
through comparison with the isoclinic pattern in an unstiffened plate, Since 
the largest portion of the time devoted to this thesis was utilised in the 
design and construction of & loading frame and since certain limitations were 
found to exist in the particular polariscope used for the analysis, it has bean 
found necessary to limit the extent of the study to determination of the iso- 
clinic pattern for three aspect ration, A description of the loading frame is 
to be found In Appendix II and the description of the modified polariscope is 
given undor the Details of Procedure section of Appendix I, 

The role of the stiffeners, in their ability to extend the range of 
stability of a flat plate, is well known and is susceptible to mathematical 
analysis. However, relatively little is known about the effect of stiffeners 
. at less than critical load. This situation applies particularly tc ship 
bulkheads, both longitudinal and transverse . It is a current practice to 
design these bulkheads on the basis of a normal water pressure loading and to 
treat deck loads, which act in the plane of the bulkhead, as secondary loads « 
Except for tank bulkh ads, the designed water pressure loading of the bulk- 
head is met only in time of damage to the ship and it is the deck loads which 
are the working loads. The Society of Havel Architects and Marin® Engineers 
ha© requested information concerning the action of tbs stiffeners in distributing 
the deck loads into the sides and bottom of the vessel, -he problem has been 
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approached by utilising rectt-tjfulsr fl.it ; In tea of various aspect ratioc. 
Boundary conditions for th* full *»ctle buleh si sro extremely difficult to 
determine >. nl for t- * t ram. on the ,odai; uuoU in taix analysis b*v* used the 
Halting condition of full citr-pinf at U <3 end a. 

Previous >:orJt . 

In gecorcl. Interest in the field of stiffened plr.tia.; has centered 
around tie problem of failure by instability* Considerable work, both 
experimental and analytical, bee been rejperted in the literature. It is 
only naturrl that non tfaet tai* type of failure ie understood there should be 
interest aricing in the behavior of the panels at leads below critical* 
Clearly, the inter* ctien of piste end stiffener la c factor of significance 
et all loads. 

The stress distribution in deep be ace hee been of increasing interest to 
civil engineers and work in this field it felt to have applicability to the 
field of navel architecture. Bulkheads in particular, function as deep 
bee*fv under the action of deck loads, inference (1,3) presents the analy- 
tic*! solution to the >■ trar.K distribution in deep beaus. Simple support 
la accused and severe! types of I cm ding fire used. It is shown that the 
shear distribution &t the quarter points i© parabolic, as predicted by tke 
Seint Yensnt theory, for aspect ratios of 2s 1 or greater. (Aspect ratio is 
defined as the ratio of s : .*n to depth) . The departure from this distri- 
bution at sr.eller aspect ratios is radical. 

Photo-elasticity hss been a favorite tool for instructional purposes In 
Seay texts of strength of e&terials and elasticity. It is particularly effec- 
tive for b cfisn and hts been frequently used for the verification of the ©tress 
distribution predicted by the Bernouili-Suler theory of flexure and to 
detsonstrste the shift in neutral axis. For exsaplo, Professor FI Ion, in (16) 
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shows that, ia a simply supported bear., loaded by « single central concentrated 
load, and e pur# couple, the isociiric j>* ttern In the vicinity cl the point 
of sere bending itcraent should be u sot of hyp^rboleuu ^he origin of the hyper- 
bolas is on the neutral axis, at the point of aero bending sscaent. They inter- 
sect the free boundary at two sy Metrical points, at the point of aero bending 
Koaanto Photo-elsctic confirmation of this is also presented. The especi ratio 
of tbs boas used for the experimental mrk. wag L2sl, which is considarshly greater 
than tbo ratios used for this study# Eoeavar, the baas: loading epproxiaates the 
conditions of the claapad end support, with the notable exception that warping 
of the cross sections is not restrained. Restraint of warping causes consid- 
erable aberration in the stress* pattern predicted from the B«rn©ulll-*uler 
theory of flexure* 

la the 3 ®»e paper Professor Pilon investigates the are® under the con- 
centrated load for confiraotion of the distribution of stre&e which he predicted, 
in Philosophic! T.re.asfec.tiojBg L, ^ol 201, 1003. The affect of the concentrated 
load represents another departure froo the bernouili-Euler distribution. 

Reference (3) contains a good discussion of the effect and tee analytical 
methods available to describe it* In general it is treated by considering the 
stress distribution in s west-infinite plate due to a single concentrated 
lcsd, This distribution in fc-uperiapoeod on the flexure stress predicted by 
the Sernoulll-Euler theory end additional force syst added to confer* to the 
boundary conditions* This was first presented by Ceruts Wilson in Philosophical 
Itnuiia . 1891, end, with refinenents by <1* 0. Stokes, represent# & newne of 
explaining sevcrel of the phenomena observed photo-eiastic&lly » 

The analytical solution of the stress distribution in e short clasped 
bees has not been presented to the best of this writer"# knowledge. The 
restraint of warping characteristic of this type of support, at well rh the 
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discontinuous nature of the concentrated load, taka solution of the differential 
equation tedious* Probably the aetkod of finite differences would lead to 
reunite which could then be combined with the seal-infinite plate distribution 
to account for a oae of the characteristics of the iso clinic pattern &» f resented 
in till a study. 
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PROCEDURE 

The origim.1 concept o f this study involved the deteiwiinatior. of the 
stress distribution in a stiffened flat plate of photo-elastic astei-iel. 

It is regretted that the design and construction of the loading frame 
absorbed so much tine that the ieoclinic pattern became tho priaery objec- 
tive. Isociinica ero the locus of ell points of equal inclination of the 
principal stress directions, measured sith respect to some fixed reference 
axis. 



The effect of the stiffener, as reflected in the itociinic pattern, 
was determined for three Plexiglas models. Ail models ~®re of twelve inch 
span, but of various aspect ratios. These were 5*1, 3*1, and 2*1. The 
models ■were clamped in the loading fi*«use and positioned in tho field of 
the poleriseope. A concentrated load of 400 pounds was applied end the 
isoclinic pattern traced. 

The ifioclinics were first determined for the unstiffened models. 

A central stiffener was then cemented in place along the shorter axis of 
ayeaetry and a second sseries of isoclinics determined for tho stiffened 
models. In all cose® the stiffeners ware 1/4" x 3/4" Flexible s and were 
attached by use of a volatile solvent, tho principal ingredient of which 
was ethylene dichloride. 

The iaoclinios were determined at ten degree increments fro® 0 to 
90 degrees and at 45 degrees as cell. A sore detailed discussion of the 



procedure is to be found in Appendix I 
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(1) It appears that, for the ecKrfigur&tion of piute urA r.tiffen«r used 
for this study, the stiffener does nob «uterixlly effect the direction of tn« 
principal stresses, oxcopt in the issnediite vicinity of ths stiffener. The 
effect at the boundary ie uncertain, due to liffiltstione in the data* 

(2) for a deep rectangular bom, clasped at each end and subjected 

to a single concentrated coplan&r loud at Kid-span, there exist two negative 
isotropic points along each freo bounds. i*y f located at about the quarter points , 
The isotropic points located along the leaded edge are further from the axis of 
eyneetry titan those on the lower, unloaded edge. Theca points represent tho 
point® of zero it tress, which according t© simple flexure theory should be 
located at the quarter points. 

(3) It esanot be stated definitely that the stiffener hats any effect 
on the location of the inotropic points. However, the infors&tion available 
frost this study indicates that the stiffener has store effect upon the lower 
Isotropic points than on tho upper pointe. The 3sl and 2*1 aspect ratio 
isoclinic pattern shows that the lover isotropic point has beer, coved toward 
the axis of sysaetry end that the isoreneut is quits pronounced, in contrast 
to the aovesent of the upper point. I he plot of stress trajectories for the 
3tl aspect ratio unstiffened plate (Figure 30 show that significant changes 
in tho nature of streese* along the restrained boundary may result from such 
a shift of the isotropic point. 

(4) There appears to be &o*» effect froa the stiffener in the rat* of 
change of direction of the principal stresses along the restrained boundary. 
There ie no clear-cut trend as a function of aspect ratio, but in general, 
the effect ir> opposite in direction in the upper and lower quarters of the 

depth. 
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The validity of Us* result# depends to & large ttx ton t upon the 
accuracy of the data® She accuracy of the data presented in thin 
study i» felt to he unknown within preclee lixita, tent, la general, 
ie probably ad© just* for ©valuation of the effect of the stiffener. 

In a cjusdltfitiv® sense* .Figure XX shoes the distortion pattern of * 
one-inch network ao seen in the vies lag glass* She network tote pieced 
in the plane of the mdei* litis typo of distortion Is Know ss * pin- 
cushion distortion"* (9) and results fros radial variation in signification. 
Professor Seers, is (9) st*»U.» that this can be corrected by proper 
location of the diaphragms* but, for this system, this w&e not possible* 

The situation #*« circcai vested fey tketebing the isoclinlc pattern at 
several points itt the swdel by positioning the points &t the center of the 
light circle* ?bu compos its pattern was deterssir.au by placing the 
various patterns in their proper relationship end then trie log ilia final 
pattern* Diotcrtioa wa* ©till present, however, and snail correction© 
were made to m&ko the ieoclirdcs continuous* The results wares not 
perfect, as seen in the exagg&r&ted length c£ the 3*1 and 5*1 aspect 
ratio patterns. 

1 second source of inaccuracy Is found in the clasping erraagessents. 
this causes « tb.r*o~dia*nslonsJL stress system to exist in the vicinity 
of tha boundary * The isoclinlc© were poorly defined in this region, 
especially at about * id-depth* This condition may have been due to & 
slow rata of change of the direction of the principal stresses* This latter 
condition probably Is responsible for the lack of definition experienced 
with the 2*1 aspect ratio piste* In general, aowevor, it is felt that 
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the isoolinie# tr# correctly Located. within oms-alghib of an inch 
and about five degrees at the boundaries and that probably batter 
results ere achieved ir. the interior of the* plate* 

fh* stiffener ftes very little effect in the location of the ieo~ 
clinic* and* to s large el tent, this explained by the nature of the 
loading* The loud wee applied to the plefce, in order to fceintain * two- 
dtse&siosal #tr*si system end under ihsw© condition*, the effect of the 
atiffansr would be liiftltrod to the region of pl&*tic flow* Xf* however, two 
fctiffensre had been used* on opposite aide* of the plate, the stiff- 
eners coaid here born© pert of the load without distorting the two- 
dli«cn.tioni.l stress syetsws. &nd under this condition, the effect of ttee 
stiffener would have been gre&tcro 

the position of the isotropic points w*y bo predicted, at leest 
V.u*li t& lively , to the sene* that the relative position of the points on the 
upper end lower boundaries at each quarter point ®*y be rutione.li^ed. 

At first thought, s intuition* wight ie&d one to ©rpeat tft&i the upper 
point mould nova toward the axis cf sysutetry, due to rotation of the 
orese section under the effect of pure bending* Sheer deflection would 
tend to incra&ee the snift. Kewever, the deflection of tnfe 3si *epect 
ratio plate under the 4C0~pour.d load is oiiiy 0»072 inches end the rotation 
of the cross section et the point of zero bending sao&ont is only 0*0X3 
redi&ne* Thin would indicate tb«t the .relative diepieeesant of the upper 

&nd lower points, due to pure bonding, is only 0,072 inches, which is 
much too sesll to be detected in the poleriecopo* *urtfc#rft&re, the 

relative dispir.ceeeiit due to deflect ion Is opposite in direction t© that 
observed* It 1* also true ta&t displacement of the order observed would 
be reflected in the distortion of the network scribed on the surf see of 
the aodel* Ko such distortion ~fee observed* 
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The Bernoulli-huier theory of flexure, otherwiee known a# aiapla be&a 
theory, is presented in texts of strength of Mteterisle and »*y be used to 
predict th* point of *ero bending fcocent* The eqw lions of elasticity 
aoy also b« used to predict th« point of *ero stress along the upper end 
lower boundary. Then* ere coincident with the point of aero bending aotseui, 
of course* However, though certainly core elegant, the letter aethod 
requires the solution of « fourth degree hoaogenouc different! si epuetieiu 
Du* to tiie discontinuous nature of the concentre tad load, it 1® necessary 
to use e Fourier series or the aeUndd, of finite differences to solve the 
equation* The letter nethod is used in (13)# for exeaple* In *.» attempt to 
arrive at an analytical Solution to the stress distribution, this writer 
bee utilised * « trees function composed of the tares of seconu, third, end 
fourth order polysesitda to describe the s trass- distribution in « canti- 
lever loaded with a concentre. ted Iced and e nosieat at taw free end* She 
resemblance of this ease Iks the oleqped baaa is cloco, since the clasped 
end of the cantilever corresponds to the &•!& of syaaetry of the beast 
end the applied wwaerti corre®;>onds to the cienping jseavnt of the beesu 
However, this does not represent eay increase of accuracy c er the simple 
beam theory for the purposes of predicting the point of sere stress along 1 
the free boundaries. Both iaebhod* of attack piece tho isotropic point 
at tbs quarter point. 

According, to siseple beaa theory, the upper edge of « cleaned priesatic 
beaa centrally loaded with a concentrated load is subjected to a linear 
variation of stress. The stress is tensile at the boundary, decreases to 
aero at the quarter points, and reaches isaxiaua coapressioa «t the aid- 
point of the bee*, the stress on the lower boundary is stellar, »1 though 
of opposite character* It is oppressive at t ha boundary and reecho® 
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aiucittu© tension at the Eid-»point. I'ias isvclinic pntteraa of Jf'iguree VI 
through VIII chow that the isotrepie points are not exactly *t the quarter 
point,# and It ressain® to account for tbits 0 

Frocht* in (3) <>« scribe ft the t&yp reeiaate solution for Use ttre*e 
distribution in a oissply cup ported b«&« *.« ^resented by C*,ru6 «iX#on In 
Philosophical M&.gfeaine ^ Idyl end sodifled by u , Go Stoke* « r hla solution 
is built up by the *eperj,»Btilen of the « eel-infinite plate stress pattern 
on the staple flexure s trasses* This requires , for e^ulLibriue, the pree- 
oenee of redial eoapresaiv# boundary loads, eteich do not actually exist. 
Therefore, a third superposition of radial tensions is ciade* -a© principle 
©f Siiir.t Yen&nt justifies the substitution of the statically equivalent 
force #yet«*o This is s vertical fores of magnitude P t»o oppositely 
directed boricontel forces of espnitui* p/^y » ihe»» ere located at the 
point of application of the load# 

The etree* trajectories of the 3*1 aspect ratio piste, figure 1, show 
•irons ftteilerity to tho eo-sxiel and redial «tr«#« trajectories, shlch ere 
charset* rie tic of Fitment* s solution to the oeee of u concentrated load on 
» »eati~ittfiaite piste. If we substitute the three-force sin tied equiv- 
alent of the concentrated load, see that the two ho riser, rial forces create 
eottpreasion in the upper fibers of tha boas. Bherees in tee singly supported 
been tU» eye tea result# in a secondary bending isoaent, it *e©»e sore 
likely tfeet for the ©leaped beam the force is carried directly into the 
boundary ns compression. The exietenoe of a eoap ret sire stress ia the 
upper fiber of the beam, ouperiapesed on the * treat; pattern of pure bead- 
ing, results ir. the upper Isotropic point, aovlng toward the support, bucii 
aooveaaeat would explain the locution of upper isotropic point in the iso- 
clinic patterns of Figures VI through VIII, 



in 



XV - . -o 1 . T . . 

* *’"* »j . t -•.»■- • • , .-• i *■ • u i ««,' • v t ■ « • . , |ji . >( . 

*» •.'•** T. — - ,j 

*•’' * * ’•' "v, ~ n, » • n * •». (fj ft < 

**' * '* * } ' ’’ '' .1 ».t< • « *.«•' *. . *| f r | . i j • # ■» *• 

ru - f * 1 *’ * ' ■* * *' ■ 1 , ••• ■> i% i at 

' *- ,J - ’•■*. i-4* •" 1 . ••:•* c *. 5 .. ‘,;i4 u 

Mi ..... - * M1 /t ? , |Vtl . , « # 

*!•!-*. M »> <«••»•- • «■ • - * . . 3V. i**1 

-• . • •• i «/*. ••• ««.r • . j- ^ ,f. •• \ ‘ ;»4 t« 

' • *-**•• > •«"►» .■ -u .j.nr »u ♦ 

i . r,. «• .1 V»-' l - ' ’ • . . 



• *' *■ ■*.. I' *.?'i*..** it |.v . f -f 

r *' 4 • -■ ♦ . -s Ml *!•>• %.4 fti # f, 

» •- ■» • -* - «• »'*.«*ij» * *1*. ; • r- 

' 74 ' J ' 1 * f •'—»-*.• 1 *....* #• 1 ! .Ml 4 . ^^(* "4^ »i « 

r 

“ ^ r *-* 'X • «. «• • • ,*f 1 J/ X**4. 

*•••..*•#• k •• m - .wmm< 

' * *' • • >• •• ' *• ,L> * * •*— -MJ *i ..4# 

»• <♦ * r* ir.1,- , .# ',•'»«* > • * w » 

■ - ’ • < J v • . . . I .. ■: 

4 ; • v i At 1 if MV .! ! - io Ul» 



-»• *i.t •, ..»• .i. .'j- 



iHi 



11 



The stress pattern of i be oiaaped beac. ±» only approximated by the 
fc»aun;>*ion of shear support sad applied »o»**vfc xt ton boundaries .Tee loading 
fr&KSj by tiiw nstura of It* construction, creates a acre or lost, uni fox'* 
tension in the loaded bees duo to restraint of trenalatioxi of tae ends of 
the bbeest and. * more e»*pl«x stress ay* tea due to reutrelat of eerping* 
those stresses vjL.ll, of ©ourse* effect the position of the isotropic points. 
She unifora tension tends to shift the wptu* point toward ti* ti?.i» of 
ayasstry and the lover point in the opposite direction, fm restraint of 
verging stresses are tensile in the upper section of the plate end coaprse- 
eivs in the lover, he ace the lover point tends to shift toward the support* 
end the upper point toward t he exi* of aymetry * the final balance of 
these stresses determines the relative ^sltion of tiro Isotropic points. 

It is felt that the clamplog erea Ueterviree, to a large extent, the rela- 
tive iapertene© of the tension and restraint of warping stresses, 

the stiffener is seen to effect the position of the Isotropic points 
for nil the aspect ratios, although the effect is sost pronounced for the 
5*1 aspect ratio. *he upper point is shifted toward the exis of ey.«&etry 
sod the lover point in the opposite direction. The 3*1 aspect ratio 
shows that the shift is negligible for the u, per point end u»b the lover 
point her stored toward tne axis of syewetry. The 2*1 retie shove the same 
trend, the lover point being shifted still further tow rd the axis of 
symmetry, Shi* indicate* that, effectively, a compressive .trees is 
imposed by the stiffener o» the lower edge of the plate and that its 
magnitude varies with depth of the plate. 
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1, The tea uraey of the date precludes &cy *u&ntit*tire taalyni* 
of the effect of & stiffener *jpoa the stress distribution in * piste 
damped *t the cade and leaded with * eiagie concentrated load at 
sid~ep«n* 

2* The addition of * stiffener, to such & loaded fist plate, if 
not in contact with ttw» load has negligible offset on the direction 
of the principle stress* s* 

3® The stiffener »&y have sons definite effect or the actual 
location of isotropic points,, which theoretically exist on the free 
beunheries at the quarter .points® 

4, The photo-elastic netbod reprosenta a convenient aetbed for 
analysis of plates and deep be*®s« 
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1. It Is recosweadeii that this j^in-elaati* study bs continued 
and that eajjft&sls be pls^v.<&<l MM 

», «eetu*ste determine tlo» of the isotrcj. ic peints, 
b» determination of the ieochroaMitie*, lending to the 
eosplet* solution of %m stream distribution/ 

«• determination of the ruts of ea&ng* of inclination of 
the prl.ns.ij.el axes *t the boundary* 

4® utilisation of other boundary conditions, eitJi espeeisl 
eophseie ©a an eXeetta foundation* 

2® future studies in this direction should be e&de with saode.it of 
a sore sensitive saterlel, m«h «» one of the Beke.il to or Os^^in pine ties® 
Recent development of a suitable adhesive by the Mariyas tl«i» 

m»km the construction of built-up model* feasible® btiffeners sisould 
be located on both side® of Models subject to oo-plsm&r loads. 

3® It is rtco&ssaded that the load frame be sod, If led by substitution 
of a steel loading bee® to re-duo* the deflection and by reduction of the 
else of the weighing tank, to about half the present else® 
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Photo-elasticity depends upon the charge teris tie ability of certain 
materials to exhibit temporary double refraction. Xheau material** of which 
glass, gelstin, Pi exfpJi.gji and .Celluloid are & few common esuijapies, are 
optic-filly anisotropic under etrese end light travels through then along the 
planes of principal stress. In effect, then, they uei ait a polarlser and 
will resolve incident light into two mutually perpendicular planes. 

Light travels through the photo-els atie ssodei along the principal 
planes and is refracted according to the well-known bat lie L&vr of refraction. 

The index of refraction along a principal plane ie & function of the a tress 
level on that plane, as well ae the level on the perpendicular pi* ns, there- 
fore, the velocity of light along each principal plane say be different* Except 
for the caee of uniform tension or compression and pure sheer, the velocity of 
light is fc continuous function, varying from point to point felony the stress 
trajectory, for this reason, light falling upon e stressed photo-els* tie 
model is separated into two perpendicular components which travel through the 
model at different velocities and emez'ge out of phase. 

The polarieeope utilises this characteristic for tne determination of 
the leoclinics, which ere the loci of points at which t ha inclination of the 
principal e trees planes ie a constant, end for the ieochromatics. Tueee are 
the loci of points at which the difference of the principal stresses is 
a constant. It follows, therefore, that they represent lines along which 
the maximum cheer is a constant. 

& basic polariscope eight consist of a light source, a poiarivser for 
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cresting j<oiari;<;eu light and an *un«iyc«r, which resolves the two components 
of light emerging froa the aodel into & plane, h sostevhet moi*e refined instal- 
lation would nave a Ions ayatasr. for concentrating tad collimating the light 
end t*o quoxter-seve tor producing circularly polarised light froa a 

nonochrcuatlc toarce. Descriptions of various trr< ngeaenfce are available 
in any text on the subject. Ihe pssl&riaer *oya w lyaer used for study 

wore twelve-inch Polaroid sheets, there is no physical difference between 
a polcriser and an analyser; they t.re so named to ae&oribe their function 
in the polarihcope. 

Light leaving U;o polarizer may be represented sc & vector* 
the magnitude of widen any be written c.£>: 

V « a cos (pt) (1) 

where V * vector 

» a ft»plitu4e of vibration 
p * propagation factor x Z7j f 
t * time, oeconds 

Idle light, upon entering the model, is broken into two components; 

along the £ axiei a cos(pt) cos Q (2) 

along tne axis; & cos(pt) sin 8 

where s & * angle between the plane of the polarizer and the 
£ axis 

P a principal stress of largest algebraic v&iue 
W 3 principal etresa of iaest algebraic value 

Tne light eaerging froa the model le ch&r&cferiaod by a phase difference 
existing between the two coaponsnta. ^his any be represent ed by a time 
displacement, t*. for the P exic and t a for the Q axis, Ifee components are 
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along the F axisj a cos Q cos p( Vt*) 
along the q axis; a win <5 cos p(t~t a ) 



(4) 



(5) 



The analyser may be aligned with its piano of polarisation perpendicular 
to that of the poleriser or parallel to it* For the former arrangement, the 
two components cbova are coisbinwfl by ”he addition of their ccsiponeato in the 
direction of the en&lyeer axle* These components will 'be of the opposite 
eensa and era n& follorsj 



These two components are a shied in the analyser end. tfco fallowing 
expression r,sy be ottily developed by th* use of •trigonometric identities? 



The intensity of light is proportional to the square of the amplitude 
and therefore we tee that there art two possibilities under whioh extinction 
assy take place. If * 0, which requires that the plane of polarisation 
coincide with the direction of one of the principal stresses, then extinction 



the phase shift, we see th&t if Uis phase, timewise, is equal to the period 
of the light, extinction will also occur, This follows Trot* the definition 
of p, the propagation factor. 

The first of these criteria is the basis for the existence of iso- 
clinics, The sac rid criteria is the basis for the forsation of the isoch.ro™ 
ancica, and depends on the difference of the principal stresses, the thickness 
of the model and the wave length of the incident light. 

This study concerns itself with the isoclinics wad therefore soss© further 



P axis; e cos 9 sin Q cos p(t-t 1 ) 
Q axle* co» 9 sin 0 cos p{t~t 2 ) 



(6) 

(7) 




(3) 




dissuasion of these lines is justified. If white light ie uaed, the iaoelisics 
ere visible as « blacu band, core or less sharply defined defending on such 
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things *s the rate of change of the direction of the principal stresses*, end 
improper loading} e.g. , u threr~di***u:ior.&l stress system. fo r *. relatively 
insensitive mitsrlsi, anc.t s-s r > j r 6-vlr.i&& or glues, the isocnroiaatios *111 not 
tppfrfcr to any extent at the loi losde- re ,ui. ed for isoclinics* Since the 
cctuAl engnitude of the t> tress is not a, factor in formation of ieociinics, an 
infinitesimal load ie theoretically sufficient. jrlor.&vcr, in practice, light 
loads are required to overcoat* Initial or residual e treat;,, to r sensitive 
amterisls, esse Barkers favor s relatively b«**vy load* ( Is) * ^hn ferrastion 
of fccy particular ieoelinic is independent of load end isoclinica of any 
pxrcaoter are seen by rotating t*n polarizer t»a ci snaiysor iOjotner to the 
desired angle. 

There are eoc.« properties of isoclinica which should fee brought out. 

1. Icoolinic lines do not intersect, except at an isotropic point. At 
each a point, the principal stresses are e^uel in magnitude. If the magnitude 
be zero, the joint is further classified e* a singular isotropic point. If, 

&t &n isotropic point, the parsnetere increase clockwise, the point is des- 
cribed re a negative isotropic point and if the direction of Increasing pure- 
meter is counter clockwise, then it is positive. Thera ere several other 
categories, for which tee (16) • 

2. The psrwaetor of an isoclinic which intersects « free boundary at other 
then an Isotro; ic point. is defined by the inclination of the normal or tangent 

to the boundary *»t the point of intersection. 

3. Message r ? s tfceoreo states that the principal stresses tangent to « 
given stress trajectory ere a aaxijsuis or sdnisms where an isoclinic intersects 
the trajectory At right angles. It follows that, at a free boundary, where ever 

* 



Numbers in parentheses refer to references in the literature Citation 
in Appendix i,, (f) . 
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the ieonllnic intersects it nortaliy, or Kinimuai stress exicta. 



4» I »o clinics r.oy be used to determine the stress trajectories 
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Deecrl y tlon of Aagarnlug 

Tho load fr aae, which absorbed the greatar part of the time demoted 
to thia tbocis, la described in Appendix IX. 

The poleriscope, as modified, consisted of a light Bource, which 
utilized & JjOO-eatt Incandescent projection ia*p, a 4-incb condensing lens, 
an 8-lnch collimating lens and & 12-inch diameter sheet of Polaroid , 
counted in a calibrated rotating ring. A water b&th was located between 
the light source and the condenser lens end t diaphraa wee ioeeted at the 
center of least confusion of the condenser lens. Tae coiiijsated light 
passed through the j&odel and & second Polaroid sheet, was then collected 
by a 8-inch condensing lens and focused on a ground glass screen. Tracing 
paper was pieced on th© screen and the isoeiinics traced thereon. 

The aodificatioas to the polariscope are largely in the two large 
sheets of Polaroid which served as polarizer and analyser respectively in 
the order described above. They replaced two Kicoi prisma which were 
located at the centers of leaet confusion of the t*o condensing lens. 

The Sicol prisas, in thesselve© were entirely satisfactory. It was found, 
however, that the first of the 8-inch lenses wa* carrying a residual or 
frozen ctrcss which created its own isoclinic pattern and distorted the 
pattern in the plate. By dismantling the laboratory's Polaroid polariscope, 
used for demons tra tlon* , and placing tho Polaroid sheets between the two 
8-inch lenses, the effect of the frozen stress was removed fro® the iso- 
clinic pattern. 

The use of tho Polaroid sheets created on© additional step in the 
work required. The polarizer and analyser had to be aligned so that the 
plane of polarization of the polarizer was either vertical or horizontal 
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when the scale read ! ng *aa aero degrees, Jrortimutely, on® of the nkeetu 
v&* loose In its frame asd could, not be tighter.*'!. This mu» used as the 
pelaricer. A diametrelly lotded Bakeiite ring was placed in the field 
with the axis of loading verticil.. The Polaroid poliriaer retaining 
frsiae wee set at aoro degrees on the scale scribed against an index 11ns 
and the loose sheet rotated with the analyser to bring out the vertical 
ifioclinie in the ring. The polarizer sheet eat; then iixed in position 
with respect to the retaining Iran© by several strips of cellophane t ape. 

The determination of the isocliniea required that the polarizer 
and analyser transmitting exes be mutually perpendicular and that this 
relationship be maintained as bho polarizer la rotated to produce ieo- 
clinics of different parameter* • This is the errangenent which produces 
maximum extinction if no model is in place. The polarizer* since it bed 
been set at zero degrees for the vertical direction and mut narked in 
five degree ire resents to 90 degrees, was felt to be adequate for determ- 
ining the parameter of the ieoallnics* Therefore, to produce any iscclinic, 
es for ex&Eple the jtQ degree isoclinic, the polarizer v/sss rotated to 30 
degrees and the analyser trma in turn rotated to produce maxisnsa extinction. 
The amount of rotation ms marked ori the retaining ring of the analyser 
and over a series of ru9 e » from 0 to 90 degrees, it «eu found that the 
analyser rotation, as fudged by observing the point of maximum extinction, 
was reproducible within one-half of & degree for any angle and, in general , 
was better than that. Therefore, to reduce the time required to take dots, 
the analyser setting was marked and used without further check for each 
angle. 
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The modal* were constructed of i/ 4 " Plexiglas . * photo-eiaetic 
material ol low sensitivity. Three KOfsat ratios wore used; namely 5*1, 
3*1, and 2*1, based on ix eoeffion spun of 12 laches, 1'fce overall spar. was 
14 3/8", there feeing 1 3/16" clumping area at each end. The stiffener* 
were, in ell css tt&, 1/4" x 3/4“ Plex ig las and these were attached to the 
model felony the shorter exits of syswsetr y. The stiffeners were ''welded" 
to the plate by soaking' the contact edge in the solvent for about five 
ainutes* The solvent new furnished by forest Products, Inc. of Cambridge 
Massachusetts end it is understood that the principal ingredient ras 
ethylene di chloride, the stiffeners were pieced in position on the model 
and preseed with weights to remove any bub lies or, the interface. Before 
it w*e completely set, a few drops of the solvent were placed on the line 
of contact fox'&ed by the plate surface and the aide of the stiffener. 
These were allowed to run evenly over the entire length and resulted in 
a fillet «« sell a a removing the effect of any irregularities in the edge 
of the stiffener. 

Each sodel wee marked with a oae-inch grid and then placed in the 
load fr&sd. The models were clamped between two pieces of hot-rolled 
steel which in turn were clamped by the inner posts of the load free*. 

It is felt that the ciscping bolts were set up uniformly at about 10 
pound-feet torque and that the tension in the bolts was about 1500 pounds 
The bolts rare set up with a socket wrench which had a 10-pour, d wight 
attached &t the end* 

The square grid wt used to determine tlx® amount, of distortion in 
the ejretea end to aid in positioning the model in the field to assure 
complete coverage. Cue to the distortion in the lens eyaiesa, it eee 
necessary to reposition the Model at least four tissos to adequately cover 
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half the aod«X 0 If it bud b een po3«Jlbi« to correct the “pin cushion 5 ’ 
distortion resulting fivn noiv-unii'ona magnification, the e&cunt of time 
retjuired would have been cut in h&ii end the accuracy of the data, increased 
cor.bidex'»biy. 

The load applied to t «« model by a 1/2* disaster load point, 
acting on the plate through & 3/16” diaaeter load pin® The «&* of the 
load pin «fes normal to the pi*»* of the plate* The load pin and pointer 
were accurately elignod over tho plate to injure two-disienoiomi sires** 
distribution, for the swes© ragso% the load did sot bear on the otiffener,, 
for the stiffened models* The weight of Use weighing tank by itself *n» 
found to be sufficient to produce isoclinics in all the models, further 
loading scensd to sharpen the ieoclinice end for the sake of uniformity, 
u load of 400 pound* was used, iister wee added to the weighing tank 
by operating the three-way v&lve, which war; located at the * train indi- 
cator. 

Using white light, the isoelicics were determined at ten degree 
increment# froa 0 to 90 degrees &ni at 43 degrees. The 90-da gres it>o- 
clinio coincides with the 0-d®gr«e igo clinic and we* used as a cheek point. 
Similarly, the 45-degree iaoolinio is symmetrical about the *udt of 
©yaoaotry for & model loaded on ine axis of aysaisetry and this ijH&oiinie 
was used to check the ayssaetry of loading as well as the accuracy of the 
a® no-setting of the poi« riser. 
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££ai2d£a£&U&B£ 

There are several re^iiireaento for as y loading systea and these 
sight be looealy *ttb~4ivtded into thowe peculiar to the particular &yst»E 
and those which apply regerfi Xe»® of how the load eye tea is to be used* 

The loading fraae which w&s designed asd constructed Incident to this 
thesis w»& envisioned an an addition to the e^uipeent of the Ships 
Structure Laboratory » Jteseaehusett* Institute of Technology * and for this 
reason# greater attention to detail tsaa given than would otnarwiee be 
the case for each a. sk* 11 tfaeai» 0 ffe* considerations which aero enter* 
teinod are listed below* Sense of these re«ui resents have not been sect 
in the sense that ootfiflcetlens or additions cot absolutely required for 
this particular thesis Have not boas asde* 

1. The lend frame aunt be able to apply either tension or 
oonpreeeion. 

2* Application and reocmL of load stub! be smiolh. 

3* The applied lead aust bo easily reproducible* 

4« The calibration of the lo&d fr«ue should be sample sad 

direct rending » 

5* The loading end the model suet be »iataiaed la a position 
no real to the axis of the light, 

6« Reflection of the load fruae should b & of si least one 
order of magnitude lower than that expected in the model la order that 
deflection of tho model i« not influenced sensibly by deflection of the 
frii&e nnd thet the <fi. motion of loading does not change* 
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7* The frame must b© a bifc to adjust Jljr to dlf.fore.nt 
bistre end eiiape» of eodoifte 

8. Keaote loading from the viewing position of the polar!- 
scape la highly desirable* 

9* horizontal and vertical novenent of the frees© is neessssry 
to secure tely position the model* 

jka&iihU&Q 

Figure I is the original plea of the loading frame, designed to 
produce « ooncentrtitcd load of 1500 pound* at the load pointer. The 
existing deolga differs in «r«sll detedla fro© tbs drawing } in© mat pro- 
minent of these la the increased height of the vertical posts. 2 he a* have 
been increased In length to 30 inches, Thorn is indicated on the pies * 
system for maintaining the upper and lover edge* of the models In a plane* 
This echeaae «a« abandoned from economic considerations since it r*s not 
entirely certain that it would be required. 

The vertical posts of the load fru&e are 3* x 0.253* structural 
Aluminum channels. Calculations- indicated that the pivot pin reaction would 
rot exceed 1000 pounds euu that the deflection of the outer poote would 
therefore not exceed. 0.0053 inches. It s»e felt that it was necessary 
to remove the effect of this ciefle^tion free the ©eund bupports, especially 
since the deflection is not symmetric*!. For Uric reason, the inner posts 
were added for the purpose of retaining and supporting the model. The 
3/4 s holes in the outer poets are spaced 2 inches apart, the holes in one 
pair being 1 inch lower than the other pair. This permits adjustment of 
the height of the loading beam in 1-inch Increments. 

The steel pivot pin, about which tho loading boas pivots, is 
supported by two brass bushings in the 3/4* hole® Mentioned above. The 
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busking# are & light prose fit in the holes tod ter® felt to be necessary 
to prevent elongation of the holes in the sluadnus channels with re {suiting 
loss of accuracy. .Deflection of the uboei abaft i.a calculated fit 0.00 2 
inches# taking account of shear deflection end assuming slaipie support in 
the bushings. < 

the load bean ie fitted with a Ho ma-Uo f f &&n H312-LL roller bearing 
rated at 2910 pounds load at 25 revolutions per minute, i’hie is obviously 
better performance than is required, but several consideration# dictated 
its eel action. It a&s desired to keep the spacing of the vertical pouts, 
at about 1/2 inch in orcUsr to reduce the shiae required to c^sap a 1/4- 
inch siodel. *he load pointer would bo centered In the post spacing and 
therefore the bearing should not exceed the thickness of the been, which 

was United by the poet spacing. In addition# it recognised that the 

* 

loading beam would be the critical part of the load frets*# due %s this 
limitation on its thickness# and therefor® the disaster of the bearing 
should be *» small a# possible. Ball bearing#, which would be preferable 
from the low-friction consideration# are not available under these limi- 
tations. 

The aexLaua saonent anticipated in the loudly bcafc is 16,100 
pound-inches and the Kaxiuua flexure stress 1 b 31 #000 pound per fc-qu&re 
inch. The beam ie 24h-T4 alloy and the yield strength of this meterial 
is 43,000 pounds per square inch. Ultimate strength ie 68,000 pounds per 
square inch. These figures indicate a rather high stress level and 
Investigation of the deflection to be expected shows that it will be 
e bout i»00 inches at the free end. However# investigation and experi- 
ence has shown that losde of over 1000 pounds are soldo® required and that 
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ia general, an upper licit oi* 500 pounas might be accepted. In service, 
therefore, the probable deflection bill be about d.30 inches. 

The crocs feed uocnaniwa «ss ISsdaiC*.© up by Ace Machine tud 'fool 
Company of Catbridgo, K&sa&chu&etU free tace tabes furnished by the writer 
end no formal drawings ere fcVc.iii.ble for presentation, figure V, 
hoipovcr, shore the roller bearings and hold-down sector)! s& «e well a a the 
lathe screw used to itove too bed plate and lording frame nesrogs the field 
of tho polariacops. Steel bearing stripe are attached on the under side 
of the bed and the rollers bear directly on those* They were felt to be 
necosstry since the bed plate is of *0** temper uluaitnw, tae hardness 
of which is only about 23 Brimieli. 

the requirement for smooth loading van aet by adoption of t* hydr&uli 
loading system. ^his consisted of a 36-gallon teas which was suspended 
from the loading been b„ a glider identical in ions to the one used to 
load the aodcl . The tank is open at the top end is fitted with two sill 
cocks at the bottom, eater iw ^d-iod or removed froa the tank by « three- 
way valve and oystosu of hoses connecting *ith the city water seine. The 
three-way v&lve is located at the viewing screen and. may be seen in 

Figure XI, In the "Loud" position, water ie admitted to the tank, directly 
through the valve. In the "Unload* position, water ie directed to an 
ejector, which in turn removes water x'roa the ts.uk et stout 2,5 gallons 
per sinuto. The ejector is a eemserc icl device used to drain ho&e 
washing nachinefcu It opera tee by a reduction in pressure resulting from 
flow through an orifico, fend represents the least expensive and r«ost 
trouble-free type of puap available. 

Direct aeeeurtSMrst of the load is achieved by uae of the SR-4 Typo 
A-7 electric strain gage. The load pointer la cylindrical except for two 
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email axial flats machined ptr&llel to the keeper groove which, holds the 
l/16-inch load pin in place.. One u train gage is mounted on esou of tnese 
end placed in opposite si mo on ten external bridge circuits two more gages 
of the A-7 type are located in the other arcs of the bridge end arc ured 
for tecperfcture coiap«ms«tion. Figure IV sham the slider, load pointer 
ted load pin in position. The oamp&nmting gages are counted on the fl&t 
bar attached at the upper comer of the slider. 

The sBaxisjusi strain in the pointer is 745 ftiero-iRchea per inah, under 
1500 poundn load. Calibre t ion of the axial gag«£ nt their rated gtage 
factor of 1.95 led to constants of 0.49 Bicro-ineb.es per inch per pound 
slid 0.496 micro-inches per inch per pound respectively for the two gages 
separately. By operating at « gage factor of 1.9 2 t with the sulci gages 
in opposite eras of the bridge* a calibration of 1.0 ciero-inefces per inch 
per pound was attained, leading to sxtre&oiy sispie determination of load 
as&gnitude. The extarml bridge woe connected to & Jsei&win Type 4 £ train 
Indicator end. it is oetiaseteU that the load is known to within 2.5 pounds 
over the range, based oa the resolution of the strain indicator. 

The loading frame has been used only for oppressive loads and In 
this respect it bee performed an expected. The aa tbod oil clasping tho 
model appears to be satisfactory and it la not anticipated that any diffi- 
culty will bo met In adapting the frame for tensile loads, pure bending 
or any other type of loading which any, in future work, be required. 

The loading bean end water tank have proved to be a satisfactory 
arrangement. Smooth variation of the load ns well as reproducibility 
have been demonstrated. Deflection of tho bees is felt to be excessive 



• Eli IO W‘. '■ - - » • • * ' • • «U • - • i>r.* DM 

» • «• n*. i. wl ' > 4 • • • ■ v’i ■'tl f, *c •- 

.#>•» *-» • <•- ' .j 'j til . «.%>•• iijr • -jlj i«« 

-o -i « v • - .* *v- i j — .• • ivif « • • f. I • i • ^ f *• • >- '.a 

-••nt.i - iJ , • 11 : ..JOit »< «• .o*» • -i- .0*1 

. « * « . -*■ - . i i-w ► . •" I i- Mol i<al» 

J.-» • .5 1c *t. '!• • »o .V.f «• <t«# 

• U. i*' .'JL V •• . .* V »i. V*-' •**! *- 

«»-• . -*v - • •« • • * ^*u.: . : . . . v 5 > . 4 -.c* t 

„sj«c . t*i, :r.ii • » - . • • • • y* • ■ * .1 • - ■ < JP- ’ll wjiftl 

w . ) i *■/ 1. *• , • * •» * . e I ic- " A ^ «K\i ,0 

i«X< • - ■ .’il- • . -A • • - . • -'l? <«•»*»# 

1 -I .» » • * j* 1 »•-, -i - '♦i'j? i • .• * > .j>iP *ii i j<, ii 

• -4 r- r " * *-<!'.'« IrV "E»ui 1-.4 

a.. r - u.- . .i • u ■ <» rri jA r,:l 

#.. Vi 4 JjC« <•;: ! . 1 »,j - i J. *J J«fL* » a. 1 -*• 

• ■ • o ' j_n. /«-•• «. • i •» «ir ^ •*; ***© 

. .1*2 — -.4 .1 ) "• »*• '« • -*J «i*.i 01 •- * 

a ,• . .x • » .. u*« • .£ •* • * 7 l • •»**..•• «4H# 

fl w • . .• .• i.ixu ». A- I .’J -•-a-.'* l«b«a 

• i » • I 1 .'N' ' • * •*» 4 l xA* 1 *o 

^ p* «l • 3it« «Vlt* ill {*•! M ■* * ■ t lk« *rti> 

• •• . . h* . . , «• - • *1 . i • •■*'-*. x»i fedtt 

- M • • ■ ••• . ••• • «•• ' •• 

• •i < *■.- • md . /. I ». - ifc ; *- . jv • 1 C ^ -■ ■-i.' ^i. 1 * *' 



1 ft 



and It Is difficult to achleye sero load, due to the weight of the tank 
and bcuu. She load pointer has b©en vary nuiisfactcry and represents* 
an iaprovenent over several loading frames described in the literature 
in that calibration of the tank las not necessary • In addition, it is 
not necessary to detenaine to load a© « function of the lever am of the 
tank. 

illiiMfTiliiitInM 

probably the tsoet significant change vhich sight be ae.de in the 
load frnse is in the load beam end ratsr ten's, in order to facilitate 
achieving aero load and .reduce the deflection of the boas* I he else of 
the tank, could be reduced to thirty gallons or lese and thus out its slight 
nearly in half* She use of steel for the beos would reduce th© deflection 
by about one third, but at the cost of soae of the weight gained by 
reduction of the siae of the tank. Counter balancing of the tank would 
then be prseticsi and aero load could ba achieved. 
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FIGS RE II 

Gan* r*JL View of the Polnriseop* and Lotci frefe* 

slot* th* tfer©#-»**3r vfclv* in th* foreground, el**t to 
th* viewing Hereto and tfc* strain indicator. 
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FIGURE III 

Load Frame and Weighing Sank 
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strip &ad tbs mathcd of ciesaplHg tha aodaJU 
























..I." -*» ..w «(» 

- - - • .f - - -J .-V, , 




Floors v 

Yi«« of *-*r»»sfe®d M®ch&ni*8 
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Figure VI (a) 
ISXLEJIC FATIEL'I 
Aspect *atio 2:1 
‘Inptiffened Plate 
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Figure VI {b) 
ISOCLINIC PATTERN 
Aspect Ratio 2 si 
Stiffened Plate 
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Figure VII (a) 
ISOCLEilC PATTERN 
Aspect Ratio 3:1 
’Jnstiffened Plate 
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Figure VII (b) 
iSOCLINIC PATTERN 
Lspect Ratio 3*1 
Stiffened Plate 
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Figure VIII (a) 
SOCLSilC PATTERN 
>spect Ratio 5 : 1 
^stiffened Plate 
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Figure VIII (b) 
ISOCLINIC PATTERN 
Aspect Ratio 5 } 1 
Stiffened Plate 



Figure DC 

DISTORTION PATTERN 
of 

Cne-inch Square Grid 



P (tensile) stress 



q (compressive) stress 




Figure X 

3 THE 33 TRAJECTORIES 

aspect Ratio 3*1 

Unstiffened Plate 
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